Epithelial-mesenchymal transition (EMT) is associated with reduced sensitivity to many chemotherapeutic drugs, including EGFR tyrosine kinase inhibitors. Here, we investigated if this reduced sensitivity also contributes to resistance to crizotinib, an ALK inhibitor of lung cancer that exhibits the EML4-ALK translocation. We established a crizotinibresistant subline (H2228/CR), which was derived from the parental H2228 cell line by long-term exposure to increasing concentrations of crizotinib. Characteristics associated with EMT, including morphology, EMT marker proteins, and cellular mobility, were analyzed. Compared with H2228 cells, the growth of H2228/CR cells was independent of EML4-ALK, and H2228/CR cells showed cross-resistance to TAE-684 (a second-generation ALK inhibitor). Phenotypic changes to the spindle-cell shape were noted in H2228/CR cells, which were accompanied by a decrease in E-cadherin and increase in vimentin and AXL. In addition, H2228/CR cells showed increased secretion and expression of TGF-b1. Invasion and migration capabilities were dramatically increased in H2228/CR cells. Applying TGFb1 treatment to parental H2228 cells for 72 h induced reversible EMT, leading to crizotinib resistance, but this was reversed by the removal of TGF-b1. Suppression of vimentin in H2228/CR cells by siRNA treatment restored sensitivity to crizotinib. Furthermore, these resistant cells remained highly sensitive to the Hsp90 inhibitors, similar to the parental H2228 cells. In conclusion, we suggest EMT is possibly involved in acquired resistance to crizotinib, and that HSP90 inhibitors could be a promising option for the treatment of EMT.
1.
Introduction ALK was originally identified in anaplastic large-cell lymphoma cells, in which translocation between the ALK gene on chromosome 2 and the nucleophosmin (NPM) gene on chromosome 5 leads to the expression of the NPM-ALK fusion oncogene (Morris et al.,, 1994) . Similarly, expression of the echinoderm microtubule-associated protein-like 4 (EML4)-ALK fusion oncogene, which is caused by a small inversion within chromosome 2p, was found in non-small cell lung cancer (NSCLC) (Soda et al., 2007) . Subsequently, other fusion partners comprised of ALK and TFG, KIF5B, and KLC1 were identified (Rikova et al., 2007; Takeuchi et al., 2009; Togashi et al., 2012) , although their proportions are not large in NSCLC. The incidence of NSCLC with ALK rearrangements is reportedly 3e5%. This tends to present in young and non-or light smokers who possess wild-type EGFR and KRAS genes (Shaw et al., 2009; Solomon et al., 2009; Wong et al., 2009 ). The oncogenic potential that drives transformation and maintains tumor cell growth in cells expressing ALK fusion proteins has been reported in several studies Soda et al., 2007 Soda et al., , 2008 .
Crizotinib is an orally administered drug that was initially developed as a c-Met kinase inhibitor. However, since crizotinib was found to demonstrate cross-reactivity with other receptor tyrosine kinases, including ALK and ROS1 (Bergethon et al., 2012; Christensen et al., 2007) , it has been actively evaluated in ALK-positive lung cancer patients (Kwak et al., 2010) , thereby leading to accelerated approval as an ALK inhibitor by the US Food and Drug Administration (FDA). According to results of a global phase II study that was presented at the 48th Annual Meeting of the American Society of Clinical Oncology (ASCO), the overall response rate to crizotinib is 59.8% and median progression-free survival is 8.1 months .
Despite the impressive efficacy of crizotinib for the treatment of ALK-positive lung cancer, acquired resistance eventually develops in most patients. As secondary T790M mutation on exon 20 of the EGFR gene is the most common mechanism of EGFR tyrosine kinase inhibitors (EGFR-TKIs) (Bell et al., 2005; Vikis et al., 2007) , gatekeeper mutations such as L1196M, L1152R, C1156Y, and F1174L hinder drug binding and are frequently detected in crizotinib-resistant samples (Choi et al., 2010; Katayama et al., 2011) . Other mutations such as G1269A, G1202R, and S1206Y may be involved in the conformational changes that affect the affinity of crizotinib (Doebele et al., 2012; Katayama et al., 2012 ). There are several other possible mechanisms, including ALK amplification (Katayama et al., 2011) , EGFR or c-KIT activation Sasaki et al., 2011) , and the acquisition of KRAS (Doebele et al., 2012) , although their exact roles remain to be determined. However, our understanding of resistance mechanisms and frequency is very limited at the present because of the small number of experimental results and included patients, which indicates that more preclinical and clinical data should be accumulated to provide improved diagnostic and therapeutic strategies.
Epithelial-mesenchymal transition (EMT) is the cellular process of morphological changing from the epithelial polarized shape to the mesenchymal fibroblastoid shape, in addition to accompanying behavioral changes such as enhanced mobility (Lee et al., 2006; Savagner, 2010) . Recently several studies have reported that this phenomenon is strongly associated with cancer cell stemness (Chiou et al., 2010; Scheel and Weinberg, 2012; Dave et al., 2012) and resistance to drugs such as EGFR-TKIs (Rho et al., 2009; Sequist et al., 2011; Yauch et al., 2005; Thomson et al., 2005) . In our current study, we investigated how EMT contributes to crizotinib resistance and other therapeutic options that could be used to overcome EMT-mediated resistance.
2.
Materials and methods
Cell culture and reagents
The H2228 cell line was purchased from the American Type Culture Collection (Rockville, MD). The H3122 cell line was a gift from Adi F. Gazdar (UT Southwestern, Dallas, TX). Cells were cultured in 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 mg/mL streptomycin (Invitrogen, Carlsbad, CA) at 37 C in an atmosphere with 5% CO 2 . Crizotinib, TAE-684, 17-DMAG, and AUY-922 were obtained from Selleck Chemicals Co. Ltd (Houston, TX). The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution and TGF-b1 were purchased from Sigma (St. Louis, MO) and R&D Systems (Minneapolis, MN), respectively.
Establishment of crizotinib resistance in H2228 cells (H2228/CR)
H2228/CR cells were developed by chronic, repeated exposure to crizotinib. Over a period of 8 months, H2228 cells were continuously exposed to increasing concentrations of the drug in culture and the surviving cells were cloned. These cells could survive exposure >100 nM of crizotinib. In all studies, resistant cells were cultured in drug-free medium for >1 week to eliminate the effects of crizotinib.
MTT assay
Cells were seeded onto 96-well plates and incubated overnight, then treated with their respective agents for an additional 3 days. Cell viability was determined using the previously described MTT-based method (Carmichael et al., 1987) . Each assay consisted of 8 replicate wells and was repeated at least three times. Data are expressed as the percentage survival of the control, which was calculated using absorbance after correcting for background noise.
Western blot analysis
Whole cell lysates were prepared using EBC lysis buffer (50 mM TriseHCl [pH 8.0], 120 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 0.3 mM phenylmethylsulfonyl fluoride, 0.2 mM sodium orthovanadate, 0.5% NP40, and 5 U/mL aprotinin) and centrifuged. Proteins were separated using SDS-PAGE and transferred to PVDF membranes (Invitrogen) for Western blot analysis. Membranes were probed with antibodies against p-ALK (Tyr1604), ALK, pAkt (Ser473), cytokeratin-18, snail, p-MET (Tyr1234/1235), vimentin, p-AXL (Tyr702) (all from Cell Signaling Technology, Beverly, MA), Akt, p-Erk (Thr202/Tyr204), Erk, E-cadherin, TGF-b1, TbRI, TbRII, p-EGFR (Tyr1173), EGFR, MET, b-actin, and AXL (all from Santa Cruz Biotechnology, Santa Cruz, CA) as the first antibody, and then membranes were treated with horseradish peroxidase-conjugated secondary antibody. All membranes were developed using an enhanced chemiluminescence system (Thermo Scientific, Rockford, IL). Densitometric analysis was performed with ImageJ software offered by the NIH (http://rsb.info.nih.gov/ nih-image/).
Invasion and migration assays
The cell migration and invasion assays were performed using Transwell (6.5-mm diameter, 8-mm pore polycarbonate membrane), which was obtained from Corning (Cambridge, MA). Cells ( 10 5 ) in 200 mL medium were placed in the upper chamber, and the lower chamber was filled with 1 mL serum-free media supplemented with 0.1% bovine serum albumin. After incubation for 24 h, non-migrating cells were removed using cotton swabs, and the cells that migrated to the lower surface of the filter were stained using the Diff-Quick kit (Fisher Scientific, Pittsburgh, PA). Cells were counted using a microscope. The migration assay was performed using the same procedure with filters that had been coated with extracellular matrix on 
2.6.
Transfection of small interfering RNA Small interfering RNA (siRNA) oligonucleotides specific to ALK, E-cadherin, vimentin, and the siRNA control were obtained from Santa Cruz Biotechnology. Introduction of siRNA was performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) in accordance with the manufacturer's instructions. Target gene expression was measured 24 h later using western blot analysis. For the MTT assay, cells were seeded onto 96-well plates after siRNA transfection, then treated with the indicated drugs for 72 h.
Results

The EML4-ALK dependency is absent in H2228/CR cells
To investigate the mechanisms of acquired resistance to crizotinib, we selected H2228 (variant 3) and H3122 (variant 1) cell lines with EML4-ALK rearrangement. Both cell lines were shown to be highly sensitive to ALK inhibitor, crizotinib. Therefore, these cell lines have clinical relevance for determining the mechanisms of acquired resistance to crizotinib. Crizotinib-resistant cells were established by stepwise selection using increasing concentrations of crizotinib over a period of 8 months, as described in the Materials and Methods section. These resistant cells acquired approximately 10-fold higher 50% inhibitory concentrations (IC 50 ) to crizotinib compared with H2228 cells (crizotinib IC 50 ¼ 0.1 mM and >1 mM in H2228 cells and H2228/CR cells, respectively; Figure 1A ). Furthermore, resistant cells showed crossresistance to TAE-684, a more potent second-generation ALK inhibitor ( Figure 1B ). Crizotinib and TAE-684 could inhibit the activation of ALK and its downstream signals, such as Akt and Erk, in both H2228 and H2228/CR cells, although TAE-684 was considerably more effective than crizotinib ( Figure 1C ). To further determine if H2228/CR cells depend on ALK signaling for growth, we suppressed the ALK gene by siRNA treatment. The growth of parental H2228 cells was significantly inhibited, while that of H2228/CR cells was unaffected ( Figure 1D and E). This suggests that H2228/CR cells are independent of ALK signaling. H2228/CR cells did not have any Figure 2 e Induction of EMT in H2228/CR cells. (A) H2228 parental cells and crizotinib-resistant cells (H2228/CR) were evaluated to determine any morphologic changes consistent with EMT using a light microscope. H2228/CR cells were composed mainly of spindle-shaped cells compared with H2228 cells. (B) Cell lysates from H2228 and H2228/CR cells were subjected to Western blot analysis. The indicated antibodies were used to evaluate the levels of EMT-related marker proteins, MET, AXL, and EGFR signals. The secretion of TGF-b1 was confirmed in the culture media. (C) The migration and invasion assays were performed using Transwell. Cells were seeded onto either collagen-or Matrigel-coated polycarbonate filters to determine their migratory and invasive potentials, respectively. Cells were incubated for 24 h in modified Boyden chambers, and the cells that penetrated through the filter were stained and counted using a light microscope. Experiments were repeated in triplicate. Bars represent the standard deviations. *P < 0.001 compared with H2228 cells. secondary mutations that caused resistance to direct sequencing (data not shown).
EMT is induced in H2228/CR cells
We observed morphologic differences between the H2228 and H2228/CR cell lines using a light microscope. The round shape of the H2228/CR cells changed to a spindle form, suggesting that EMT-like changes might have occurred (Figure 2A) . To confirm the induction of EMT in H2228/CR cells, we analyzed the expression of epithelial and mesenchymal marker proteins using western blots ( Figure 2B ). Compared with the H2228 cells, E-cadherin and cytokeratin-18 expression were drastically reduced and vimentin expression was increased in H2228/CR cells. In addition, the levels of several factors that induce EMT were increased, such as snail, TGF-b1, and AXL. TGF-b1 was also elevated in the culture medium, indicating enhanced secretion. EGFR activation was not found to be associated with acquired resistance to crizotinib because the activity and expression levels of EGFR were reduced in H2228/CR cells. Next, we examined migratory and invasive potential, which are considered functional hallmarks of EMT. We found that the ability to migrate and invade was enormously increased in H2228/CR cells ( Figure 2C ). Taken together, these findings indicate that the acquisition of resistance to crizotinib in H2228/CR cells is accompanied by morphologic and functional changes that are consistent with EMT.
TGF-b1-induced EMT leads to ALK inhibitor resistance
We previously reported the induction of reversible EMT by TGF-b1 treatment in A549 lung cancer cells (Rho et al., 2009 ). To further determine if EMT leads to resistance against ALK inhibitors, we measured the response to ALK inhibitors under the conditions of TGF-b1-induced EMT. When treated with TGF-b1 (10 ng/mL) for 72 h, H2228 cells were scattered and elongated and found the loss of epithelial marker proteins (E-cadherin and cytokeratin-18) and an increase in vimentin Figure 3 e TGF-b1 stimulated EMT, resulting in resistance to ALK inhibitors. H2228 and H3122 cells were treated with TGF-b1 (10 ng/mL) for 72 h, and these cells are referred to as H2228/TGF-b1 and H3122/TGF-b1, respectively. H2228/TGF-b1 cells were incubated for 24 h in the complete medium without TGF-b1, and these cells are referred to as H2228/TGF-b1/R. (A) Cells were observed under a light microscope. (B) Cell lysates from each cell line were subjected to Western blot analysis. The indicated antibodies were used to evaluate EMT-related marker proteins. (C) Cells were treated with the indicated doses of crizotinib or TAE-684 in the presence or absence of TGF-b1. Cell viability was measured using the MTT assay 72 h later. Bars represent the standard deviations.
(designated H2228/TGF-b1), which were reversed by the removal of TGF-b1 (designated H2228/TGF-b1/R; Figure 3A and B). However, TGF-b1-induced EMT was not observed in H3122 cells, indicating cell line specificity. H2228/TGF-b1 cells were more resistant to ALK inhibitors than their parental cells, whereas sensitivity to ALK inhibitors was partially restored in H2228/TGF-b1/R cells ( Figure 3C ), suggesting an association between EMT and response to ALK inhibitors.
3.4.
Inhibition of vimentin by siRNA treatment restores sensitivity to ALK inhibitors E-cadherin and vimentin exert significant effects on EMT. Ecadherin maintains cellecell contacts and the architecture of epithelial tissue, whereas vimentin is an intermediate filament protein that is present in most mesenchymal cells and is necessary for cellular movement. To determine if modulation of E-cadherin and vimentin affects sensitivity to ALK inhibitors, drug responses to ALK inhibitors were evaluated after transfection with E-cadherin or vimentin siRNA. Treatment with siRNA resulted in the decreased expression of both proteins, but expression was not completely abolished ( Figure 4A ). Reduced expression of E-cadherin did not affect sensitivity to ALK inhibitors. However, decreased vimentin restored responsiveness to ALK inhibitors in H2228/CR cells ( Figure 4B ).
3.5.
Crizotinib-resistant cells demonstrate no crossresistance to Hsp90 inhibitors Some studies report that Hsp90 inhibitors overcome acquired resistance to ALK inhibitors as well as EGFR-TKIs (Katayama et al., 2011; Sang et al., 2013; Sawai et al., 2008; Shimamura et al., 2008) . Hsp90 is an abundant cellular chaperone protein and its inhibition degrades client proteins, including mutant EGFR and ALK. Thus, Hsp90 inhibitors affect mutant EGFR and ALK-positive NSCLC cells regardless of the presence of any second mutations. Next, we examined if HSP90 inhibitors are still active in cells with EMT changes. 17-DMAG and AUY-922 effectively suppressed cell growth in parental H2228, H2228/CR, and H2228 cells with TGF-b1-induced EMT ( Figure 5A ). Treatment with these drugs led to the suppression of ALK activity, Akt, and Erk in both parental H2228 and H2228/CR cells ( Figure 5B ). Furthermore, treatment degraded TGF-b type II receptor (TbRII), but even at low concentrations. TGF-b type I receptor (TbRI) was not significantly affected. When cells were treated with Hsp90 inhibitors in a timedependent manner, the induction of PARP cleavage and Bim were similarly observed in both parental H2228 and H2228/CR cells. Interestingly, the restoration of E-cadherin expression was found in H2228/CR cells after incubation for 48 h ( Figure 5C ). 
Discussion
In our present study, we demonstrate that EMT could contribute to resistance against ALK inhibitors, including crizotinib and TAE-684, whilst HSP90 inhibitors remain active in H2228 cells regardless of EMT. EMT is associated with the acquisition of stem cell-like features (Singh and Settleman, 2010) , cancer progression (Kalluri and Weinberg, 2009) , and resistance to chemotherapy (Iwatsuki et al., 2010) . We previously reported that acquired resistance to gefitinib leads to EMT in NSCLC cells and patient tissues (Chung et al., 2011; Rho et al., 2009) . Furthermore, we found that the increased activation of AXL and EMT is associated with in vitro and in vivo acquired resistance to erlotinib in EGFR-mutant lung cancer models (Zhang et al., 2012) . Similarly, H2228/CR cells demonstrated increased AXL expression and activity. Although the inhibition of AXL could not overcome resistance to crizotinib, cellular migration and invasion both decreased (Supplementary Figure S1 ). This finding suggests that AXL signaling may not be directly involved in crizotinib resistance in these cells.
Although H2228 cells resistant to crizotinib due to EMT can be induced by short-term treatment with TGF-b1, our H2228/CR model established by chronic exposure to crizotinib closely resembles the clinical situation. However, we found that TGF-b1 signaling is also involved in this model, indicating that the driving force for the induction of EMT does not differ between these two models. TGF-b1 is a cytokine involved in multiple functions, including the regulation of cell growth, extracellular matrix remodeling, and the development of EMT, which leads to enhanced invasion, metastasis, and therapeutic resistance (Lee et al., 2006; Rho et al., 2009) . Although the signaling pathways of TGF-b1 are also diverse (Derynck and Zhang, 2003; Massague and Chen, 2000) , interactions with TbRII are associated with the Smad group of intracellular signaling proteins and seems to be important for the development of EMT in lung cancer cells (Kasai et al., 2005; Zavadil and Bottinger, 2005) . TbRII, in addition to TbRI, has been identified as an HSP90-interacting protein. Wrighton et al. reported that the inhibition of HSP90 blocks TGF-b1-induced downstream signaling and transcriptional response and increases TbR ubiquitination and degradation, suggesting that HSP90 inhibitors could be used for the treatment of diseases with aberrantly activated TGF-b1 signaling (Wrighton et al., 2008) . Accordingly, the expression of TbRII was suppressed by HSP90 inhibitors in this study, which can explain the equivalent activities of these drugs in both H2228 and H2228/CR cells.
More diverse secondary mutations that decrease drug binding affinity have been found in association with crizotinib resistance than EGFR-TKI. That is the reason why some investigators insist that it is closely related to imatinib resistance in chronic myeloid leukemia (O'Hare et al., 2007; Sang et al., 2013) . Because these secondary mutations affect the binding affinity of the drug, the resistant cells obtained using this mechanism are still dependent on ALK signaling. Therefore, more potent second-generation ALK inhibitors, such as TAE-684 and AP26113, could demonstrate anticancer effects (Katayama et al., 2011) . In contrast, we found in our present analyses that our H2228/CR cells are far less responsive to the complete blocking of ALK expression by siRNA treatment compared with parental H2228 cells. In addition, although TAE-684 completely blocked ALK activation, it could not inhibit the proliferation of H2228/CR cells, indicating that they escape from addiction to ALK signaling.
In support of our current results, H3122 cells resistant to crizotinib via EMT were generated previously by Sang et al. (2013) . In that study, epithelial markers decreased while the expression of vimentin, snail, Notch 1, caveolin, and Src were upregulated. Morphologic changes were also compatible with EMT. These cells were still sensitive to ganetespib, another HSP90 inhibitor developed by Synta Pharmaceuticals Corp (Lexington, MA), while several other ALK inhibitors such as CH5424802, ASP3026, and TAE684 were ineffective. These results are almost equivalent to our current observations. Sang et al. did not explain the effectiveness of HSP90 inhibitors against EMT cells, though they did report that the ALK fusion protein remained sensitive to ganetespibinduced destabilization. It is sometimes misunderstood that overcoming the effects of HSP90 inhibitors in EMT is caused by ALK fusion proteins. Because they are fully dependent on ALK signaling, as demonstrated by this study, the suppression of TGF-b1 signaling by HSP90 inhibitors could explain the drug effects. Interestingly, we also found that the reduced expression of E-cadherin is recovered by treating H2228/CR cells with HSP90 inhibitors. This might be caused by the ability of the HSP90 inhibitors to reverse the driving forces of EMT.
In summary, EMT should be considered as a possible acquired resistance mechanism associated with crizotinib, and the use of HSP90 inhibitors may be a promising option for treating EMT. Further investigations that include clinical samples are needed to validate our results.
